
" 

National Aerongutics and Space Adxuinistration 
Goddard Space Fl irht  Center 

Contract h.Rfis-5-3760 

ST- GM- 103% 

INTERPRETATION OF SC OBSERVATIONS IN SPACE 

DURING IIAGNETIC STOWS 

CUSSRI 

. -  

19 J U L Y  1965 



1" 

P 
. 

INTERPRETBTION O F  SC OBSERVATIONS I N  SPACE 

DURING MAGMETIC STORMS 

Geomagnetim I Aeronomiya 

I eda te l ' s tvo  "NAUKA" , 1965 
Tom 5, x o .  3, 471 - 476, by K. G. Ivanov 

S U 1.1 14 A R Y 

It is shown t h a t  aimultaneous observations of the  magnetic 

f i e l d  and of  space plasma at time of SC on 27 'March 1961 s a t i s f y  the  
conditione at  t h e  f r o n t  of an i nc l ined  magnetohydrodynamic shock wave. 
T h i s  c o n s t i t u t e s  an argrment i n  favor of t h i s  sudden commenceatent being 
induced by a shock wave. It is assumed t h a t  t h e  sha rp  decrease of t he  
nagnetic f i e l d  in space during the  SC of 2 December 1963 w a s  conditioned 
by t h e  pasEage of a t angen t i e l  break, havinrg formed a t  supelrronic f low 

i n  i n t e rp l ane ta ry  plasma of a corpuscular flux with force-free magnetic 
f i e l d .  

* 
8 * 

One of t h e  hypotheses, cur ren t ly  drawn from for t h e  explanation 

of SC of magnetic st om^, is t h e  assumption t h a t  .these SC are caused by 
shock waves c11. To ver i fy  t h i s  hypothesis by d i r e c t  method w e  may u t i -  
l i z e  the  simultaneous observations of t h e  magnetic f i e l d  and plasma i n  
space at time of SC concurrently with t h e  the  co r re l a t ions ,  l i n k i n g  the  
q u a n t i t i e s  at shock wave front .  I f ,  a8 result, t he  observed values satisfy 
these co r re l a t ions ,  it can be used a6 an ar,.;ument i n  favor of the shock 
wave hypothesis,  as the  cause o f  sudden comencemente. However, i t  should 
be borne i n  mind during such a v e r i f i c a t i o n ,  t h a t  i f  shock waves e x i s t  
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they cons t i t u t e  s p e c i f i c  c o l l i s i o n l e s s  shock waves, and t h e  co r re l a t ions  
at t h e i r  f r o n t s ,  may, general ly  speaking, d i f f e r  from those i n  s tandard 

magnetohydrodynamic shock waved occurring on account of c o l l i s i o n  d i s s i -  

pa t ion  
The der iv ing  of corre la t ions  at t h e  f ron t  of a c o l l i s i o n l e e s  

shock wave is one of t h e  problem of co l l iE ion le s s  plasma physic8, and 

i t s  so lu t ion  is at present  ava i lab le  only in 80- p a r t i c u l a r  caees. 
Thus, cor re l a t ions  a t  the  f ron t  of a perpendicular wave within the  bounds 
of s t rong  shock raves were obtained i n  c23. I n  the  work C33 were obtained 
co r re l a t ions  at  t h e  f r o n t  of a weak slant wave moving i n  a "cold" plasma, 
t h a t  is,  a plasma where the  gas pressure is l e s e  than the magnetic pressure.  
The s t r i k i n g  feature of the  so lu t ions  obtained is the  f a c t ,  t h a t  they 
coincide in shape with the  cor re la t ions  at  the  f ron t  of standard hydro- 
magnetic shock waves, w i t h  the  exception t h a t  i n s t ead  of instantaneoarr 
values of the q u a n t i t i e s  behind the  f r o n t ,  t he i r  mean values  are used, 

T h i s  circwmtance generated the  assumption, t h a t  the  conditione at  fkont 
i n  c o l l i s i o n l e s s  plasma coincide also for s l a n t  shock wave8 wi th  the con- 
d i t i o n s  for standard hydromagnetic l aves  a6 w e l l  a8 i n  form; (see C4-63). 
These condi t ions are p a r t i c u l a r l y  w e l l  u t i l i z e d  in C63 for the  analysb 

of physical  condi t ions behind the f ron t  of an outgone shock rave,  occurr ing 
at plasma supersonic flow pa& the E a r t h ' s  magnettsphere. It appears t o  be 

poeeible t o  u t i l i e e  the  same conditions f o r  t h e  ana lys i s  of sudden commence- 
ments i n  space. 

If it is found t h a t  t h e  quan t i t i e s ,  observed p r i o r  t o  SC and ir- 
mediately afterward, s a t i s f y  the co r re l a t ions  at the f r o n t  of a s t r o n g  
s l a n t  magnetohydrodynamic shock wave, t h e  f a c t  could serve  86 an argument 

t o  t h e  effect  that  SC are induced by shock waves, and thus,  t he  result 
of t h e v e r y s t r i c t  conclusion i n  regard t o  condi t ions a t  f r o n t  of a s t r o n g  

slant c o l l i s i o n l e s s  shock wave w i l l  be an t ic ipa ted .  
L e t  us u t i l i z e  here the cond i t io l sa t  f ront  of a s l a n t  shock wave 

and t h e  method f o r  t h e i r  so lu t ion  according t o  C71,dongs ide  with the 

rdl knom data of observations of SC i n  space C8 - 131. Le t  us, f i r s t  of 
all, provide a c h a r a c t e r i s t i c  t o  the experimental material. Five cmes 
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of SC Ob6er~atiOn6 in space t o  which SC on Ear th ' s  su r f ace  were coapared, 
have been presented i n  l i t e r a t u r e .  These d a t a  a r e  inhomogenous from the  
s tandpoin t  of observat ions,  as well a6 publ ica t ions .  Thus ,  dur ing t h e  SC 
of 27 March 1961, absolute  observationz of the  magnetic f i e l d  were con- 
ducted and the plasma flux was measurea; a t  t h e  same t i m e ,  i t  wae poss ib l e  
t o  judge on the  magnitude ar?d d i r e c t i o n  of plasma v e l o c i t y  and of its 
concentrat ion.  Full information on the  magnetic f i e l d ,  p r i o r  and a f t e r  
SC, and t h e  f u l l  d a t a  on plasma f l u x  msgnitude a f t e r  S C  i n  seve ra l  band8 
are presented i n  tke  works C8, 93. These data are of b e t t e r  value t o  t h i s  
work thzn  those of o the r  observations.  Indeed, a t  t ine of  S C  on 30 Novem- 
b e r  1961, Explorer-XI1 was s i t u a t e d  between t h e  outgone wave and t h e  
boundary of the  nagnetosphere i n  a re r ion ,  where  the  f l u c t u a t i o c s  of t h e  

m g n e t i c  f i e l d  were of the order of its v a r i q t i o n  during SC bl1, which 
d i d  no t  allow t o  r e g i s t e r  t'ie SC i n  the magnetic T ie ld .  

Observation da ta  on SC of 
7 October and 4 December 1962 
on Mariner-2 do not  include the  

conplete information on the mag- 

n e t i c  f i e l d ,  s i n c e  no absolute  
rne=surenents of the radial com- 
ponent of t h e  magnetic f i e l d  
( d o n e  the  l i n e  Sun-roc!ret) were 

I 

T 
2' 2 '  conducted i n  t h a t  experiment h 4 3 .  

ObFervation data o f  t h e  SC on 
2 Decexber 1.963 on Explorer-XVIII 

--: 
d A Z .  1 

include the  conplete information on the  magnetic f i e l d  E131 . However, we 
were not  made ayare to-date of publ ica t ion  of data  on plasma during t h a t  

SC.  Analysis of observat ions of t he  S C  of 27 h r c h  1961 on E x p l o r e d  
is preFented below. 

According t o  c71, the condi t ions on a slant shock wave, w r i t t e n  
i n  dimensionless form and i n  a system of coordinates  xye (Fig,  11,  i n  
which the  motion on both s i d e s  of the  shock f r o n t  is plane ( t h e  o n g i n  

is placed on the  shock f ron t ,  the axis x is  d i r ec t ed  along t h e  erternal 

normal t o  the  f r o n t ,  t he  axis y i e  d i r ec t ed  along t'ne t m g e n t i a l  component 
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where h,l),P,vo a re  dimensionless quan t i t i e s ,  equal t o  C*3 
where H , ~ , v , p  are  respec t ive ly  t h e  magnetic f i e l d ,  t he  dens i ty ,  t h e  velo- 
c i t y  and t h e  pressure of t he  plasma. The index i t akes ,  respec t ive ly  

ahead and behiad the  f r o n t ,  t h e  values  of 1 and 2. Note t h a t  
8 

p i  WkTt, pi = RiM, Vi = - (D v01) 9 (7) 

where n , T  
of a proton; 0 and voi are respec t ive ly  t h e  ve loc i ty  of t he  shock f r o n t  
and of t h e  plasma i n  a spstem of coordinates ,  f ixed r e l a t i v e  t o  t h e  satel- 

l i t e ,  and whose axes are p a r a l l e l  t o  t h e  corresponding axes of t h e  system 

x y  t .  

are  t h e  temperature and concentrPtion of plaema; M is t h e  mais6 

The conditions (1) - ( 5 )  a re  supplemented by the  condition of nor- 
m e 1  component c o n t i m i t y ,  which i c c  easier t o  u t i l i z e  by wri t ing  i t  w i t h  

the a i d  of dimensional c u e n t i t i e s  

EXS = Ea E €I%. (8) 

Let  us admit t h e  following order  of r e so lu t ion  of condi t ions 

(1) - (51, (8). The q u a n t i t i e s  HI,:, lix, nl, TI, votl, urno, uotr 

given; then,  t he  q u a n t i t i e s  searched f o r  and determined by ( 1 ) -  ( 5 )  
riu be m, Ta, D, vr. Subsequently, by the computed values  of m, vs and T2 
we s h a l l  es t imate  the plasma flux immediately a f t e r  t h o  SC and compare 
i t  wi th  t he  observed flux. If the computed and t h e  observed fluxes, res- 
s e c t i v e l y  S and So are close in magnitude, i t  may serve  as an argument 
t o  the  e f f e c t  t h a t  t h e  SC of 27 March 1961 w a s  caused by a shock wave. 

are considered 
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Ye f iha l l  determine pre l iminar i ly  Bvi, a x ,  Uoix, Voiv and VBir 

through t h e  d i r e c t l y  observed quan t t t i e s  Hi, &, 91, &, 'pk &, vM (vM 
r a d i a l l y  directed f r o r  t h e  Sun, w3ich should not l e a d  t o  a s i g n i f i c a n t  

error i n  the  d i r e c t i o n  of plcusma ve loc i ty  193 , Fig. 1 . Evidently,  

is taken 

a, = ai (lilt + mm+ + nid , & = Hi (dit, + mrmr + n m 4 .  (9) 

where  

system of coordinates x'y' ='(Fig. 1 )  , of which t h e  o r i g i n  is on the  satel- 
l i t e ,  t h e  axis r' is d i rec ted  at  t h e  Sun, t h e  axis E' a t  the  South pole  

of the e c l i p t i c  ( t h e  angles '9, 6 are given i n  t h a t  system of coordinates);  
k, mz. ns* lv. mv, n, are  the d i r ec t ing  cosines  of axe6 x (normals t o  the  

ti, mi, ni are t h e  d i r e c t i n g  cosines o f  t h e  Vectors Ht and in t h e  

shock wave f r o n t )  and y ( t angen t i a l  component of t he  megnetic f i e l d )  i n  
t h a  system of coordinates xf y1 E ' .  It is evident t h a t  

1=coQa,coQ0, m=smcpcos0, n=sin6.  (10) 

By t h e  s t r eng th  of t he  condi t ion (8) the  per turba t ion  vec tor  of  
t h e  magnetic f i e l d  

h=Hz-Hi (11) 

c o l l i n e a r  w i t h  t h e  t angen t i a l  cor?ponents of t h e  f i e l d  Hvi, which givee 

allows t o  determine the  d i r ec t ing  cosines  of t h e  normal t o  t h e  shock wave 
f r o n t  

- 
The d i r e c t i n g  cosines  o f  t he  ex te rna l  normal are e i t h e r  chosen 

by t he  r e s u l t s  (141, o r  by the  v a r i a t i o n  by 180° of t h e  d i r e c t i o n  so BB 

t o  s a t i s f y  t h e  obvious physical condi t ion t h a t  t h e  shock wave has a r a d i a l  
ve loc i ty  component d i r ec t ed  from t h e  Sun. It is evident  t h a t  t h e  ve loc i ty  



components ahead of the 6 h O C k  TI-- a v t 3  &-e 

where are t h e  d i r e c t i o n  c o s b e s  of vol , given i n  the  form 
l,,= -1, &=n.=& h, mi ~k are the d i r ec t ion  c d n e s  of the  axla s 

i n  t h e  system of coordinates xys .Theg  may be determined throagh t h e  
E i l e r  anglee 

b, m, rr, 

& = sin 8 cos P, ns = --sin8 cos Y, nz =  COS^. (16) 

The E i l e r  angles (6  i s  the mutation angle,  is the  precession 
6) is the  angle of the  e p e c i f i c  r o t a t i o n )  are i n  t h e i r  turn 

9 

angle and 
determined by t h e  known s , n x , n  

m, = sin Yt cog Q, + COS ecos YSin @, 

&=sin@& 9, n, = sin ma (17) 

Therefore,  a ,  a? as, VMU, are determined w i t h  the  he lp  of 
( 9 )  - (171, and t he  quan t i t i e s  nl, T1, are given ae t h e  average for' 
two hours p r i o r  the  SC c91 hi and PI are determined on t h e  bars- of ( 6  
The condi t ion (1) allowe the finding of 2.- q, Ps vxIo are respec t ive ly  found 
on t h e  b a e b  of (2) - (4). Formulas (61 ,  (7) a l l o w  t h e  f ind ing  of n2, T k D ,  vp2r. 
F i n a l l y ,  re  f ind 4' by (5 )  and ( 6 ) .  

02Y 
We shall est imate  t h e  plasma flux i m e d i a t e l y  a f t e r  SC b y t h e  

formula 
S = ntvm CQS a, (18) 

where dl is t he  angle between the  vector  vo2 and the  normal n 
t r a p  i n l e t  

t o  t he  

COS a = l& + mcmn + W n .  (19) 

The d i r e c t i o n  cosines of plasna ve loc i ty  behind t h e  front are  

where 



(primes ind ica t e  t h a t  t h e  components of ve loc i ty  are  considered i n  the 
system of coordinates x ' , r ' e ' )  ; 2 m n are t h e  d i r ec t ion  cosinee of 
t he  normal t o  t h e  in le t  of the  t r a p  

n' n' n 

1, = c09 wn COS?n, mn = sin Qn COS 6n, h = S h  en, (22) 
where*,% are t he  angles determining t h e  pos i t i on  of  the normal a i n  
space,  when i t  is c l o s e s t  t o  t h e  d i r ec t ion  a n t i p a r a l l e l  t o  t h e  ve loc i ty  vo2 
(these anglee are determined according t o  Fig. 12 of C91, when the  angle8 

Qv and , defining t h i s  a n t i p a r a l l d l  d i r ec t ion  are known). 
The  angles 9, and 8~ are determined from t h e  conditions 

-l* = cos cpv cos 6,, --ma = sin Po cos 6,, -nta = sin 6,. (23) 
L e t  us bring f o r t h  numerical values  f o r  t h e  considered case of SC 

(27 Narch 1961). The i n i t i a l  data  are 

Hr = %1y, = 20", 01 =ao, 1(1= (4 f 1) d; UM = (280 f 20) - 1 s ;  
HZ = 2 2 ~ ,  9 = so, 6 = 20". y = 1.6. 

The q u a n t i t i e s  determined on the  basis of ( 8 )  - (17) are 

--m, = 0.26, mu= 0,70, m,= -0,66, 
--n, = -0,93, nu = -0,02, n, = --0,37, 

- 1, = - 0 3 ,  & = 0,72, 1, = 0,66, 

= 8.5 yt Hui 7y, He 2%; Votr = 78, U O I ~  = -ZQ% 
9 -it% mblscr. 

The c u a n t i t i e s ,  coxputed on t h e  b a s i s  of (1) - (17) 2nd (19)-  (21) 

a re 

The computed value of the flux is -1.8 a108 cm2 sec", w h i l e  

that, observed immediately a f t e r  SC, w a s  -2.6 1*08 cm2 sec" C91, 
t h a t  is ,  a good agreement e x i s t s  between the  computed and t h e  observed 

values. The discrepancy between then is w i t h i n  t h e  limits of p rec i s ion  
of the  determination of S by (18). Indeed, t h e  e r r o r  of the  l a t t e r  is 
equal t o  t h e  sum of the  e r r o r s  of n2, \Yo* and cos a. But thrtse last 
ones are at l e a s t  equal respect ively t o  the  mean errors of nl, Vm v d V a  

t h a t  is ,  accordine t o  Cgl, 25, 7 and 7 percent,  which gives  t o  the  mean 
random e r r o r  S a value equal  t o  N p e r c e n t .  ThiE means, t h a t  during the 
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ca lcu la t ion  of the flux by (le>, we may obtain a value d e f l e c t i n g  from 
the observed one by 21, which agrees with t h e  def lec t ion  value of the 

computed flux f r o m t h e  observed one, equal t o  0.8. 

space during SC of 27 March 1961 s a t i s f y  t h e  conditione at the f ron t  of a 
e l a n t  shock save. T h i s  means, t h a t  the sudden commencement w a s  indnced 
t h e  shock wave. 

Thup, simultaneous observations of t h e  magnetic f i e l d  and plasma in 

by 

It should, however, be noted, t h a t  experimental as wll ae t heo re t i -  

c a l  data are present ly  ava i lab le ,  showing t h a t  SC i n  space are not only in- 
duced by shock waves but also by c e r t a i n  o the r  causes. Thus ,  space observa- 

t i o n s  during t he  SC of 2 December 1963 C131 cannot be underetood within 
the  framework of the t h e o r e t i c a l  scheme based upon the assumption of t he  

shock wave, as during t h a t  SC, a sign change of the magnetic f i e l d  was ob- 
served,  rhereae in a c o l l i s i o n l e s s  plasma, just as is the ca8e in standard 
magnetohydrodynamics, only sllock waves, i n  which t h e  s i g n  of t h e  t angen t i a l  
component of the magnetic f i e l d  is i nva r i ab le ,  are evolutionary.  

I n  connection wit ; :  t h i e  considerable i n t e r e s t  is aroused by the  

hypothesis of corpuscular streams w i t h  force-free magnetic field6, according 
t o  which c153 SC se t  i n  space a t  t i m e  of flux’boom magnetic f i e l d  paseage 
through t h e  place of  s a t e l l i t e  or rocket l oca t ion .  A t  t h e  same time, depend- 

ing upon the  o r i en ta t ion  of t h e  stream’s f i e l d  at  time of SC, increase  o r  
decrease of t h e  magnetic f i e l d  can be observed, which provides the  po68ibi- 
l i t g  t o  expla in  the  f a c t  of f i e l d  decrease at t i m e  of SC on 2 December 1963. 
Concretizing t h i e  hypothesi6 i n  the p a r t  r e f e r r i n g  t o  SC, one may no t i ce ,  
tha t  inasmuch ae t h e  corpuscular s t r e a m  with its o m  f i e l d  move at supemonic 
ve loc i ty ,  a l l  the phenomena observed in the  near-Earth space can be also 
observed in its vicinity, tha t  is, such phenomenas as t he  formation of a 
sharp  boundary between the magnetic f i e l d  of the stream and the  in te rp lane-  
t a r y  pla6ma and the formation of the outgone rave. 

The satel l i te  ( rocke t )  encounter with the  outgole shock rave and 
the t angen t i a l  break at t h e  boundary plasma- stream’s magnetic f i e l d ,  can 
lead t o  sharp var i a t ions  of t he  observed magnetic f i e l d ,  i n t e r p r e t e d  .B 

sudden colr~~encements and 8udden hpulses.  The SC of 2 December 1963, in 
p a r t i c u l a r ,  could have occurred*as  a result of pasmap of t h e  t a n g e n t i a l  
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breek. On such a break the condition of equa l i ty  of the  generalieed 
pressure on both s ide6  of the break m u s t  be s a t i s f i e d  C71,That is why 
i n  t h e  presence of da ta  on p1-m during the  SC of 1 2  December 1963, a 
d i r e c t  v e r i f i c a t i o n  of t h i s  assumption can be made. 

The author extend8 his t h e e  t o  Yu. D. Kal in in ,  V. I. Afanas'yeva, 

E. I . Mogilevsky and A. D. Shevnin for discussing separa te  questions . 
e++ T H E  E N D  * + L  
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